Vicente et al. show that the Cys-Arg/ N-end rule pathway is a general sensor of abiotic stress. N-end rule action on ERFVII transcription factor substrates controls stress tolerance, influenced by NITRATE REDUCTASE and interactions with chromatin remodeling ATPase BRAHMA. This mechanism integrates environment and response to enhance survival.
SUMMARY
Abiotic stresses impact negatively on plant growth, profoundly affecting yield and quality of crops. Although much is known about plant responses, very little is understood at the molecular level about the initial sensing of environmental stress. In plants, hypoxia (low oxygen, which occurs during flooding) is directly sensed by the Cys-Arg/N-end rule pathway of ubiquitin-mediated proteolysis, through oxygen-dependent degradation of group VII Ethylene Response Factor transcription factors (ERFVIIs) via amino-terminal (Nt-) cysteine [1, 2] . Using Arabidopsis (Arabidopsis thaliana) and barley (Hordeum vulgare), we show that the pathway regulates plant responses to multiple abiotic stresses. In Arabidopsis, genetic analyses revealed that response to these stresses is controlled by N-end rule regulation of ERFVII function. Oxygen sensing via the Cys-Arg/N-end rule in higher eukaryotes is linked through a single mechanism to nitric oxide (NO) sensing [3, 4] . In plants, the major mechanism of NO synthesis is via NITRATE REDUCTASE (NR), an enzyme of nitrogen assimilation [5] . Here, we identify a negative relationship between NR activity and NO levels and stabilization of an artificial Nt-Cys substrate and ERFVII function in response to environmental changes. Furthermore, we show that ERFVIIs enhance abiotic stress responses via physical and genetic interactions with the chromatin-remodeling ATPase BRAHMA. We propose that plants sense multiple abiotic stresses through the Cys-Arg/Nend rule pathway either directly (via oxygen sensing) or indirectly (via NO sensing downstream of NR activity). This single mechanism can therefore integrate environment and response to enhance plant survival.
RESULTS AND DISCUSSION
The Cys-Arg/N-End Rule Pathway Controls ERFVII-Mediated Tolerance to Multiple Abiotic Stresses Because plants are sessile organisms, they must cope with abiotic stresses through biochemical or physiological adaptations and responses. In particular, plants have evolved sophisticated molecular mechanisms to enhance survival in response to stresses, such as flooding [6] , drought, salinity, and both increased and decreased temperatures [7, 8] . The Cys-Arg/Nend rule pathway controls homeostatic response of plants to low oxygen and nitric oxide (NO) through controlled degradation of group VII Ethylene Response Factor (ERFVII) transcription factors. In the presence of both gases, amino-terminal (Nt)-cysteine is oxidized, allowing arginylation by ARGINYL TRANSFERASES (ATEs) [9] , which permits recognition by the N-recognin E3 ligase PROTEOLYSIS 6 (PRT6) and degradation through the 26S proteasome ( Figure 1A ). Absence of either gas results in substrate stabilization [3, 4] . ERFVIIs have previously been associated with plant responses to several abiotic stresses [10] [11] [12] . Other than low oxygen, no molecular mechanism has been described to explain their role, or the possible involvement of the Cys-Arg/N-end rule pathway, in physiological response to abiotic stresses. We analyzed the response of the distantly related flowering plant model genetic species Arabidopsis thaliana (Arabidopsis, a representative dicotyledon species) and Hordeum vulgare (barley, a representative monocotyledon species) to salinity, high temperature, drought, and oxidative stress to determine the role of the Cys-Arg/N-end rule pathway in abiotic stress responses. Initially, we studied plants lacking N-end rule E3 ligase PRT6 function; in Arabidopsis of the prt6-1 null mutant; and, in barley, an HvPRT6 RNAi line with greatly reduced expression of this gene [13, 14] . In these plants, substrates of the Cys-Arg/N-end rule pathway, including ERFVIIs, are constitutively stable [3, 14, 15] . In contrast to Arabidopsis wild-type (WT) and barley non-transgenic segregant (''null'') controls, plants with reduced PRT6 function showed enhanced survival of all stresses tested. The Arabidopsis prt6 mutant enhanced survival on highsalt media and caused hypersensitivity of germination on salt, and both Arabidopsis prt6 and barley HvPRT6 RNAi plants showed enhanced growth and development on soil watered with salt compared to WT and null controls (Figures 1B, S1A, and S1B). For both, cellular damage (measured as electrolyte leakage) was higher in WT/null leaves ( Figure 1C ). Drought stress is a major limitation to crop production, and a large body of evidence has demonstrated the role of abscisic acid (ABA) regulation of stomatal closure in the response of plants to water deficit [16] . Barley HvPRT6 RNAi plants showed tolerance to drought treatment in comparison to null controls ( Figures 1D and 1E ), although we could not observe a consistent response of Arabidopsis prt6 to drought ( Figure S1C ). Stomatal closure responses in both species showed hypersensitivity to ABA application in comparison to controls ( Figure 1F ), which for prt6 in Arabidopsis required de novo protein synthesis ( Figure S1D ). Genetic evidence demonstrated that this ABA hypersensitivity is regulated independently of the core SnRK2-PP2C ABA transduction pathway ( Figure S1E ), as also shown for other mechanisms, including the PYRABACTIN RESISTANCE-LIKE 8 (PYL8) ABA receptor promotion of lateral root growth [17] and a chloroplast retrograde signaling pathway involved in stomatal closure [18] . High-temperature stress reduces the productivity and quality of crops, enhances reactive oxygen species (ROS) production, and increases damage to cellular integrity [19] . Four different thermotolerance assays were performed to assess the role of the N-end rule pathway in Arabidopsis in response to heat stress to evaluate basal thermotolerance (BT), short-and long-term acquired thermotolerance (SAT and LAT), and thermotolerance to moderately high temperature (TMHT), the four major thermotolerance types known in plants [20] . prt6 showed very high BT (as did a double mutant removing ATE activity [ Figure 1A ], ate1 ate2), substantially outperforming the WT control. The prt6 mutant also showed slightly increased SAT and LAT, demonstrating that stabilized N-end rule substrates could increase tolerance to severe high temperature ( Figure 1G ). In contrast, prt6 showed substantially reduced TMHT in comparison with WT. As salinity, drought, and heat shock all cause oxidative stress, we analyzed Arabidopsis seedling response to methyl viologen (MV), an herbicide that induces ROS generation. The oxidative stress produced, and consequent cell damage measured as electrolyte leakage, was significantly lower in prt6 ( Figure 1H ).
The five Arabidopsis ERFVII AP2-domain transcription factors (RELATED TO APETALA 2.12 [RAP2.12], RAP2.2, RAP2.3, HYPOXIA RESPONSIVE ERF 1 [HRE1], and HRE2) are the only known physiological substrates of the Cys/Arg-N-end rule pathway in plants [1] [2] [3] . Ectopic overexpression of ERFVIIrelated proteins from several species has been shown to enhance tolerance to multiple abiotic stresses, though the molecular mechanism controlling this is not known [12] (and references therein). In Arabidopsis, using pentuple (rap2.12 rap2.2 rap2.3 hre1 hre2, hereafter erfVII) and sextuple (prt6 erfVII) mutants [21], we analyzed the role of Cys-Arg/N-end-rulepathway-mediated stabilization of ERFVIIs on stress tolerance. For all stresses tested, removal of ERFVII functions reduced stress tolerance in WT background and removed the enhanced stress tolerance in prt6. Compared to WT and prt6, erfVII and prt6 erfVII mutants showed, respectively, reduced tolerance to salt for growth and cellular damage ( Figures 1B and 1C ). Enhanced ABA sensitivity of prt6 stomata was ERFVII dependent, and mutation of Cys-2 of the ERFVII RAP2.2 to the stabilizing residue Ala (in the construct promRAP2.2:MA-RAP2.2) was sufficient to enhance stomatal ABA sensitivity equivalent to that of prt6 ( Figure 1F ). This shows that stomatal ABA response is controlled by ERFVIIs, dependent on Cys-2 regulation via the N-end rule pathway. In agreement with these observations, it was shown that rice SUBMERGENCE 1A (SUB1A), an ERFVII that is apparently divorced from N-end rule regulation [1] , enhances response to drought following flooding [22] . For heat shock, increased BT, SAT, and LAT caused by prt6 was diminished by removal of ERFVII function ( Figure 1G ), demonstrating that ERFVIIs are required for the enhanced thermotolerance shown in prt6. The different responses of prt6 erfVII and prt6 for TMHT suggest that the N-end rule pathway plays an opposite role in response to severe and moderate heat stress. Cellular damage in response to MV was significantly greater in prt6 erfVII than prt6 ( Figure 1H ), indicating that stabilized ERFVIIs control plant response to raised ROS, in agreement with recent data showing that ERFVIIs enhance transcription of RESPIRATORY BURST OXIDASE HOMOLOG D (RbohD) [23] .
We analyzed whether the Cys-Arg/N-end rule pathway and ERFVIIs provide a function during normal plant growth and development. In rice, the SUB1A locus provides protection against flooding by promoting a quiescence strategy in seedlings [6] , indicating that one capacity of ERFVIIs may be to retard plant growth. Arabidopsis prt6 plants are smaller than WT, erfVII, and prt6 erfVII ( Figure 1I ). In addition, both erfVII and prt6 erfVII mutants flower earlier than Col-0 or prt6, and under short-day conditions, prt6 took longer to flower than Col-0 ( Figure 1J ). These data indicate that, under normal, un-stressed conditions, stabilized ERFVIIs retard plant growth, which presumably may have an adaptive advantage.
Together, these results demonstrate that, in addition to a known function in response to hypoxia via direct O 2 sensing, Cys-Arg/N-end rule pathway regulation of ERFVIIs has a far broader function as an important component controlling plant responses to diverse abiotic stresses.
NITRATE REDUCTASE Opposes Nt-Cys-Mediated Substrate Stabilization and ERFVII Action
A role for N-end-rule-regulated ERFVIIs in enhancing tolerance to abiotic stresses indicates that Nt-Cys substrates are stabilized in response to stress. This could occur through several mechanisms, including reduced O 2 or NO levels or N-terminal shielding of substrates. Cys-Arg/N-end rule NO sensing was shown in animals to coordinate angiogenesis through the NOsensing capacity of the substrate REGULATOR OF G-PROTEIN SIGNALING 4 (RGS4) [24] . In plants, ERFVIIs (with the conserved Met 1 -Cys 2 -amino-terminal residues) were shown to act via Nt-Cys as NO sensors through the Cys-Arg/N-end rule pathway (following Met removal by MetAP activity; Figure 1A ). This mechanism regulates several developmental processes, including seed germination, stomatal closure, and hypocotyl elongation [3] . We investigated the possibility that Nt-Cys substrate stabilization in response to stress may be related to reduced NO levels. NITRATE REDUCTASE (NR) is the major source of NO in plants, and flowering plants do not contain NO synthase enzymes [5, 25, 26] . NR activity has been shown to decline strongly in response to abiotic stresses, which may result from a stressinduced decrease in the rate of photosynthetic CO 2 assimilation to balance metabolism with growth capacity [27] [28] [29] . As the Cys-Arg/N-end rule pathway is an NO sensor [3] , we hypothesized that a reduction in NR activity in response to stress may result in lowered NO levels and consequential stabilization of Cys-Arg/N-end rule substrates. To test this hypothesis, we analyzed the relationship between NR activity, NO levels, and N-end rule substrate stability and function in response to stress. We analyzed the in vivo stability of constitutively expressed artificial Cys-Arg/N-end rule activity sensors, MC-HA GUS (construct 35S:MC-HA GUS) in Arabidopsis and MCGGAIL-GUS (construct pUBI:MCGGAIL-GUS, containing the first highly conserved seven residues of ERFVIIs) in barley [3] , in relation to abiotic stress and NR activity. Due to co-translational MetAP activity ( Figure 1A) , Cys-2 is exposed in vivo for both proteins. The C-HA GUS protein is constitutively stabilized in the NR null mutant nia1 nia2, which has very low levels of NO [30] , but destabilized in nia1 nia2 in the presence of the NO donor S-nitroso-N-acetyl-DLpenicillamine (SNAP), confirming that C-HA GUS acts as an NO sensor (Figure 2A ). Transfer of 35S:MC-HA GUS WT seedlings to media plates containing increased NaCl resulted in a reduction in NR activity that was associated with a large reduction in NO levels in the roots (measured by DAF-2DA fluorescence) and increase in stability of C-HA GUS (Figures 2B and 2C) . This indicates, as we previously showed for the ERFVII HRE2 [3] , that NR-derived NO levels regulate Nt-Cys substrate stability. In Arabidopsis and barley, watering plants in soil with a saline solution resulted in large declines in NR activity, and drought treatment of barley also led to a big decrease in NR activity ( Figures 2D and  S2A) . Concomitantly, the stability in leaves of C-HA GUS in Arabidopsis and CGGAIL-GUS in barley increased (Figures 2D, S2B , and S2C). We next analyzed the genetic interaction between NR and ERFVIIs by comparing plant phenotypes for the NR null mutant in the presence or absence of ERFVII function (nia1 nia2 and septuple mutant nia1 nia2 erfVII). nia1nia2 plants grew much more slowly and flowered later than WT, whereas removal of ERFVII function greatly increased speed of growth and time to flowering (Figures 2E and 2F) , demonstrating a role for NR in opposing the repressive action of ERFVIIs in the regulation of plant growth and development.
Interactions between ERFVIIs and the SWI/SNF Chromatin-Remodeling ATPase BRAHMA Influence Plant Response to Salinity and ABA
The SWI/SNF (switch/sucrose non-fermentable) nucleosomeremodeling complexes are important regulators of growth and development [31] . One component, the chromatin-remodeling ATPase BRAHMA (BRM) integrates plant responses to abiotic stresses, involving interactions with hormone functions that include ABA [32, 33] . Previously, we showed that ERFVIIs positively promote seed dormancy and ABA sensitivity by enhancing ABSCISIC ACID INSENSITIVE 5 (ABI5) promoter activity through a double GCC cis element, bound by ERFVIIs, present in the ABI5 promoter [3] . We observed that this cis element is part of the promoter sequence reported to be targeted by BRM for ABI5 repression (Figures 3A and S3A) [32] , and ERFVIIs were shown, in a large-scale yeast 2-hybrid approach, to interact with BRM [34] . In addition, BRM has been shown to inhibit ABA sensitivity and drought responsiveness of seedlings and enhance root growth [32, 35, 36] , opposite effects of ERFVIIs. We therefore probed the interaction between ERFVIIs and BRM. Bimolecular fluorescent complementation (BiFC) studies showed that the constitutively expressed (at the RNA level) ERFVIIs RAP2.12 and RAP2.3, but not RAP2.2, physically interacted with the C-terminal domain of BRM ( Figures 3A and 3B ). Treatment with NaCl or ABA resulted in a decline in BRM protein ( Figure 3C ), which may be connected to the inactivation of BRM by ABA-activated SnRK2s [33] . In comparison to brm-3 (Figure 3A ; a hypomorphic allele lacking the bromo-and DNA-binding domains [37] ), brm-3 erfVII sextuple mutant seedlings showed decreased survival on high salt and increased seedling root tolerance to ABA; mature plants showed increased leaf cellular damage in response to salt [32] and reduced time to flowering (Figures 3D-3H) . These data demonstrate a role for BRM-ERFVII interactions in controlling plant growth via opposing functionalities, perhaps in competition for the same cis elements. In addition to the known interaction of ERFVIIs with DELLAs [38] , our data suggest that stabilized ERFVIIs contribute to multiple protein-network hubs that balance growth, development, and response to environmental stresses.
Conclusions
In addition to the known mechanisms controlling plant responses to non-hypoxic stresses [7] , our data indicate that Cys-Arg/N-end rule pathway regulation of ERFVII function is a key element of plant sensing and response to multiple abiotic stresses. A feature of the response to salt stresses studied here is a large decline in NR activity, previously attributed as a response of NR regulation to drought, mediated by reduced internal leaf CO 2 concentration resulting from decreased leaf photosynthesis and stomatal closure [27] [28] [29] . Reduced NR activity results in reduced NO levels, suggesting that the NOsensing function of the N-end rule pathway regulates downstream responses to enhance tolerance to salinity. One such response may include an interaction between stress-stabilized ERFVIIs and BRM, providing a link between transcription factor function and chromatin remodeling. We note also that it was recently shown that the ERFVII RAP2.3 interacts with many Aux/IAA promoters shown to be required for plant stress tolerance [39] . These, and other interactions, provide a conduit for transduction of stabilized ERFVII functions. Stress-induced metabolic slowdown may be indirectly sensed via the effect of declining NO levels on the stability of ERFVIIs, providing a molecular mechanism linking environmental change to stress signaling. In addition, N-end rule and NR control of ERFVII stability and function influences the speed of plant growth and flowering time. We propose that, in addition to known stress-signaling pathways, plants respond to multiple abiotic stresses, which often occur simultaneously in nature [40] , via the Cys-branch of the Arg/N-end rule pathway, which is a consequence of the requirement for both O 2 [1] and NO in the oxidation of Nt-Cys [4] . This mechanism has the capacity to integrate environment, metabolism, and response to enhance plant survival.
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Detailed methods are provided in the online version of this paper and include the following: Figure S3 . ) sextuple mutant, that were generated in this study. All mutants are in the Col-0 accession (Wild-Type, WT).
METHOD DETAILS

Analysis of plant growth
For Arabidopsis germination and seedling growth assays seeds were plated on half-strength Murashige and Skoog (MS) medium (Sigma-Aldrich) supplemented with additional components as described in the text, and exposed to continuous white fluorescent light (90-100 mmol m À2 s À1 ) at 22 C [21] . For experiments performed in adult stage plants were grown under appropriate light/ dark cycles, Arabidopsis plants were treated 3 weeks after germination of seeds sowed directly on soil and barley plants were staged following the decimal code until stage 29 [43] . For the analysis of Arabidopsis response on media supplemented with NaCl, seeds were sowed on half-strength MS and, after 3 days, were transferred to plates containing half-strength MS supplemented with 200mM NaCl for 7 days. Then seedlings were transferred back to fresh half-strength MS media plates for 5 days, after which survival was scored as growth of leaves. For cell damage analysis, plants were watered with appropriate NaCl solution twice over 10 days in the case of Arabidopsis and 3 times a week over 3 weeks for barley. Salt accumulation in the soil was avoided by allowing excess irrigation water to drain out of the pots. Control plants were irrigated with tap water. Photographs in Figure 1B show representative phenotypes for both Arabidopsis and barley after 3 weeks of treatment. Analysis of root length responses on media supplemented with ABA was carried out as previously described [32] : Arabidopsis seeds were sowed on half-strength MS and after 3 days transferred to plates containing half-strength MS supplemented with 10mM ABA for 7 days, after which root length was scored. Thermotolerance assays were performed as previously described with modifications [44] : For the basal thermotolerance (BT) assay, 5 day-old seedlings were treated for 23-26 min at 44 C. For short-term acquired thermotolerance (SAT) assay, 5 day-old seedlings were acclimated for 1 hr at 37 C, recovered for 2 hr at 22 C and then treated for 170 min at 44 C. For the long-term acquired thermotolerance (LAT) assay, 5 day-old seedlings were acclimated for 1 hr at 37 C, recovered for 2 d at 22 C and then treated for 60 min at 44 C. For the tolerance against moderately high temperature (TMHT) assay, 5 day-old seedlings were treated for 8 d at 35 C (day)/33 C (night) with a 16-h day length under continuous white fluorescent light (120 mmol m À2 s À1 ). Following the HS treatments, plants were recovered at 22 C for indicated time before the survival rates were counted. Flowering time experiments were carried out using plants grown from seed continuously in either long days (16 hr light; 8 hr dark) or short days (9 hr light; 15 hr dark) at 22 C under white fluorescent light (120 mmol m À2 s À1 ). Both Arabidopsis and barley plants were subjected to drought stress by withholding watering for defined periods. Relative Water Content (RWC) in barley was measured as previously described [45] : Five segments of 5 cm diameter were excised from the middle of well-developed leaves of plants before and after drought treatment and their fresh weight (Wf) was recorded. The segments were placed for 24 hr in petri dishes filled with distilled water, under illumination in order to avoid loss of dry weight arising from respiration during hydration after which the turgid weight (Wt) was measured. The dry weight (Wd) of the leaf segments was measured after 24 hr at 80 C. RWC (%) was calculated as [(Wf-Wd) / (Wt-Wd)] x 100. Photosynthesis was measured using infrared gas exchange (Licor 6400XT). Total chlorophyll levels in barley leaves were determined by extraction and assay in 80% (v/v) acetone as previously described [46] : Leaf patches of known weight were ground in a pestle and mortar with 5 mL 80% (v/v) acetone. Samples were then centrifuged for 5 min at 1500xg to remove debris. Chlorophyll content was calculated as described in [46] . 
